Galectins are a unique family of lectins bearing one or two carbohydrate recognition domains (CRDs) that have the ability to bind molecules with b-galactoside-containing carbohydrates. It has been shown that galectins regulate not only cell growth and differentiation but also immune responses, as well as inflammation. Galectin-9, a tandem repeat type of galectin, was originally identified as a chemotactic factor for eosinophils, and is also involved in the regulatory process of inflammation. Here, we examined the involvement of galectin-9 and its receptor, T-cell immunoglobulin-and mucin-domain-containing molecule 3 (Tim-3), in the control of osteoclastogenesis and inflammatory bone destruction. Expression of Tim-3 was detected in osteoclasts and its mononuclear precursors in vivo and in vitro. Galectin-9 markedly inhibited osteoclastogenesis as evaluated in osteoclast precursor cell line RAW-D cells and primary bone marrow cells of mice and rats. The inhibitory effects of galectin-9 on osteoclastogenesis was negated by the addition of b-lactose, an antagonist for galectin binding, suggesting that the inhibitory effect of galectin-9 was mediated through CRD. When galectin-9 was injected into rats with adjuvant-induced arthritis, marked suppression of bone destruction was observed. Inflammatory bone destruction could be efficiently ameliorated by controlling the Tim-3/galectin-9 system in rheumatoid arthritis.
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Laboratory Investigation (2014) 94, 1200-1211; doi:10.1038/labinvest.2014.107; published online 29 September 2014 Galectins are a family of animal lectins having the ability to regulate cell growth and differentiation, which bear at least one carbohydrate recognition domain (CRD) with high affinity for b-galactosides. Galectins are classified into three different types according to the structure: the prototype galectin with one CRD, the tandem repeat type of galectin bearing two CRDs, and the chimera type of galectin having one CRD and N-terminal peptide. 1 Galectins have also been recognized as the important fine regulators of immune responses. 2 Galectin-9, a tandem repeat type of galectin, was originally identified as a chemotactic factor for eosinophils 3, 4 and later as a chemoattractant for neutrophils 5 and NK cells. 6 Inflammatory bone destruction is often associated with chronic inflammatory diseases, for example, rheumatoid arthritis and periodontal disease. Bone destruction is mediated by the professional bone-resorbing cells, osteoclasts, which are derived from hematopoietic stem cells. In rheumatoid arthritis, severe bone destruction is frequently observed in bones adjacent to arthritic joints. Joint swelling accompanied with inflammation is mainly caused by a marked increase in the thickness of the synovial membrane, in which numerous immune cells involving the helper T-cell subset; T helper (Th)-1 cells are recruited. 7 The presence of abundant mononuclear osteoclast precursors is also present in the synovial membrane of patients with rheumatoid arthritis. 8 Helper T-cell subsets are also shown to be involved in the incidence of periodontal disease, 9 which could contribute to severe bone destruction in the inflammatory sites.
T-cell immunoglobulin-and mucin domain-containing molecule 3 (Tim-3) is a transmembrane protein that acts as the specific receptor for galectin-9. 10,11 Tim-3 was originally discovered as the specific cell surface marker of Th1 cells, the T-cell subset inducing cellular immunity and autoimmunity. 12 Immune reactions are thought to be controlled by the several subsets of T cells. Recently, another T-cell subset Th17 cells have been recognized as the important subset for the progression of inflammation. 13 In inflammatory sites, abundant macrophages are also recruited and work as the active forefront of innate immunity, in which activated macrophages contribute to the clearance of apoptotic cells and foreign bodies, as well as tissue repair. 14 It has been reported that macrophages bearing infected parasitic bacteria produce abundant galectin-9, 15 and recruited Th1 cells around the infected macrophages are stimulated by galectin-9 through Tim-3 to produce factors having the ability to activate macrophages, which results in killing the infected macrophages. It has been shown that Th17 cells also express Tim-3, although its expression level is lower than that in Th1 cells. 16 Here we examined a possible involvement of Tim-3/galectin-9 system in the regulation of inflammatory bone destruction mediated by osteoclasts. We have obtained lines of evidence demonstrating that galectin-9 directly suppresses osteoclastogenesis through its specific receptor Tim-3 expressed on cell surface of osteoclast precursors and that the Tim-3/galectin-9 regulatory system is involved in the regulation of inflammatory bone destruction in rats with adjuvant-induced arthritis.
MATERIALS AND METHODS Reagents
Recombinant human galectin-9 was purchased from R&D Systems (Minneapolis, MN, USA). Recombinant human galectin-9, recombinant human M-CSF, and recombinant human-soluble RANKL was from PeproTech (London, UK), and recombinant human TNF-a was obtained from Roche Molecular Biochemical (Mannheim, Germany). 1a, 25-Dihydroxy vitamin D 3 (1a,25(OH) 2 D 3 ) was purchased from Biomol Research Laboratories (Plymouth Meeting, UK). Leukocyte acid phosphatase kit and b-lactose were obtained from Sigma (St Louis, MO, USA). Heat-killed Mycobacterium butyricum and mineral oil were obtained from Difco Laboratories (Detroit, MI, USA). Anti-galectin-9, anti-T-cell immunoglobulin, and mucin 3 (Tim-3) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Alexa Fluor s 488 Goat anti-rabbit IgG (H þ L) for immunofluorescence was obtained from Life Technologies Corporation (Tokyo, Japan). Biotinylated anti-goat IgG (H þ L) was obtained from Vector Laboratories (Burlingame, CA, USA). Peroxidase-conjugated anti-mouse and anti-rabbit IgG Abs and enhanced chemiluminescence (ECL) kits were purchased from Amersham Biosciences (Buckinghamshire, UK). Sprague-Dawley (SD) rats, Lewis rats, and C57BL/6 mice were obtained from Kyudo (Tosu, Japan). All animal experiments were performed according to the guideline for 'Care and Use of Animals of Kyushu University'.
Osteoclast Differentiation
Mouse and rat bone marrow cultures were performed as described previously. [17] [18] [19] Bone marrow cells were obtained from the tibia and femur of 4-6-week-old male SD rats or 5-week-old female C57BL/6 mouse. Rat bone marrow cells were cultured in 24-well plates (1 Â 10 6 cells per well) in a-MEM (Gibco, Grand Island, NY, USA) containing 15% FBS (Biosource, Rockville, MD, USA) in the presence of 10 À 8 M 1a,25(OH) 2 D 3 , 20 ng/ml of RANKL, and 10% heat-treated ROS17/2.8 cell-conditioned medium (htROSCM). Stromal cell-free bone marrow cells were prepared by passing through a Sephadex G10 column, followed by culture for 4 days in 96-multi-well plates (4 Â 10 5 cells per well) in a-MEM (Gibco) containing 15% FBS (Biosource, Rockville, MD, USA) in the presence of 10 À 8 M 1a,25(OH) 2 D 3 , 20 ng/ml of RANKL, and 10% htROSCM. Mouse bone marrow cells were treated with M-CSF (20 ng/ml) for 2 days, followed by culture for 3 days in the presence of M-CSF (20 ng/ml) and RANKL (50 ng/ml). The osteoclast precursor cell line, RAW-D, is a subclone of murine macrophage cell line, RAW264, and has an extremely high potential ability to differentiate into osteoclasts as described previously. 20, 21 RAW-D cells were cultured in 96-well plates (6.8 Â 10 3 cells per well) in a-MEM containing 10% FBS for 3 days in the presence of RANKL (20 ng/ml) and TNF-a (1 ng/ml). For estimating osteoclastogenesis, cells were fixed and stained for tartrate-resistant acid phosphatase (TRAP) by use of the leukocyte acid phosphatase kits (Sigma, St Louis, MO, USA). The number of TRAP-positive multinucleated cells containing three or more nuclei was counted under a microscope. MTT assay was performed by use of PrestoBlue Cell Viability Reagent (Invitrogen). Absorbance was read at 570 nm.
Induction of Adjuvant Arthritis in Rats and Micro-CT Analysis Adjuvant arthritis was induced as described previously. 22 Five-week-old female Lewis rats were anesthetized with diethyl ether and were intradermally injected at the base of the tail with complete Freund adjuvant (CFA) containing 25 mg/kg heat-killed M. butyricum (Difco Laboratories) suspended in mineral oil. For the control experiments, rat were injected with mineral oil alone. Galectin-9 was injected into the areas of right ankle joints from the base of the foot pad by use of 30 G needles. Vehicle control PBS was also injected into the corresponding area of the left ankle joints of the same AA rats. Micro-CT analysis was performed mainly as described previously. 23 The animals were killed and fixed in 4% paraformaldehyde at the end of the experiments, and the hind paws were collected and performed radiographic analysis using the micro-CT Skyscan 1076 scanner (Skyscan, Konitich, Belgium). Strength of the radiation in scanning was set to 80 kV and 200 mA, and the section thickness was 9 mm for one scan image. Clinical scores were determined using a visual scoring method, which was defined as follows: grade 0, no swelling; grade 1, detectable swelling in a single digit; grade 2, swelling in more than one digit; grade 3, swelling of all digits and the instep; and grade 4, severe swelling of the paw and ankle. Each limb was graded, yielding a maximum possible score of 16 per animal.
Immunofluorescence Staining
After anesthetizing with isoflurane or ethylether, rats were fixed by perfusion with 4% paraformaldehyde/PB (pH 7.4). Ankle joints were excised from the hind paws and immersed in the same fixative overnight at 4 1C, followed by washing in PBS overnight at 4 1C. After decalcification in 10% (w/v) ethylene diamine tetraacetate trisodium salts (EDTA-Na3) for 3 weeks at 4 1C, the tissue blocks were embedded in OCT compounds. Frozen sections (10 mm) of ankle joints involving tibia-tarsal-calcaneus bones were prepared by use of the cryostat (Thermo Scientifict HM 560, USA) and immunofluorescence staining was performed. After blocking the nonspecific binding sites with 10% goat serum for 2 h at room temperature, sections were incubated with anti-Tim-3 rabbit polyclonal antibody raised against amino acids 111-281 mapping at the C terminus of Tim-3 mouse origin (1:200 dilution) in a humidified chamber overnight at 4 1C. After washing with PBS, sections were incubated with goat antirabbit IgG (H þ L) conjugated with Alexa Fluor s 488 (1:500 dilution; Molecular Probes, Life Technologies Inc., Carlsbad, CA, USA) for 1 h at room temperature. Microscopic observations were performed by use of the fluorescence microscope (BZ-8100; Keyence, Osaka, Japan). Sections were also stained for TRAP after observation with fluorescence microscope.
Immunohistochemical Staining
After blocking the nonspecific binding sites with 10% normal rabbit serum for 1 h at room temperature, frozen sections (10 mm) were prepared and incubated with anti-galectin-9 goat polyclonal antibody raised against a peptide mapping near the C terminus of galectin-9 of human origin (1:200 dilution) in a humidified chamber for 1 h at room temperature. After washing with PBS, sections were incubated with biotinylated anti-goat IgG (H þ L) (rabbit IgG) (1:500 dilution; Vector Laboratories, Burlingame, CA, USA) for 30 min at room temperature. After washing with PBS, Vectastain ABC-AP Kit (Vector Laboratories) for 30 min at room temperature. Sections were treated with 0.1% (w/v) Levamisole in 0.1 M Tris-HCl (pH 8.3), and color development was performed in the presence of 0.1% (w/v) levamisole using alkaline phosphatase substrate kit1 (Vector Laboratories). Adjacent sections were also stained for TRAP.
RT-PCR and Real-Time PCR Total RNA was extracted by use of ISOGEN (Nippon Gene, Tokyo, Japan). Frozen bone tissue powders were prepared in the liquid nitrogen from the ankle joints to prepare total RNAs. Total RNAs were also prepared from cultured cells and subjected to PCR using RT-PCR Kit (Takara Bio, Otsu, Japan) according to the manufacturer's protocol. After synthesizing cDNA from the total RNA using oligo-dT primers, PCR reactions were performed using the following primers: mouse Tim-3 forward, 5
0 -ATTCTGTCCTTGGTCA CAGTGTACC-3 0 ; mouse Tim-3 reverse, 5 0 -TGGTTAGGGTT CTTGGAGAAGCTG-3 0 ; rat GAPDH forward, 5 0 -CCCAATG TATCCGTTGTGGATCTG-3 0 ; rat GAPDH reverse, 5 0 -GTGG TCCAGGGTTTCTTACTCCTT-3 0 . PCR products were amplified using the following parameters: 94 1C for 30 s, 60 1C for 30 s, and 68 1C for 1 min. PCR products were subjected to electrophoresis on 2% agarose gels and visualized by ethidium bromide staining with UV light illumination.
For quantitative RT-PCR, total RNA was reverse transcribed with a PrimeScript RT-PCR Kit (Takara Bio) by use of random primers. Real-time PCR reactions were performed by using SYBR Premix Ex Taq (Takara Bio) with a Step One Plus Real-Time PCR System (Applied Biosystems). mRNA levels were normalized to GAPDH expression. Commercially available probe-primer sets (Applied Biosystems) with proprietary sequences were used. Primer sequences used were as follows: Tim-3 5 0 -primer: AGCTAAAGGGCGATCTCAAC; Tim-3 3 0 -primer: CTCCGTGGTTAGGGTTCTTG; GAPDH 5 0 -primer: TGCACCACCAACTGCTTAG; GAPDH 3 0 -primer: GGATGCAGGGATGATGTTC.
Western Blotting
Cell lysates were prepared as described previously. 22 The total proteins were extracted in the lysis buffer containing 1% Triton X-100, 0.5% NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma, St Louis, MO, USA). Cell lysates, containing equal amounts of proteins, were subjected to 10% SDS-PAGE and transferred to nitrocellulose membranes. After blocking with 5% (w/v) non-fat dry milk in TBS, the membranes were probed with anti-Tim-3 antibody for 1 h. After rinsing in TBS-Tween, the membranes were incubated with peroxidase-conjugated donkey anti-goat IgG antibody for 1 h. The immunoreacted bands were visualized by ECL (Amersham). The same membranes were reprobed with anti-GAPDH antibody (Amersham, GE-Healthcare, Pittsburgh, PA, USA). The same membranes were reprobed with anti-GAPDH.
Statistical Analysis
All data are represented as mean ± s.d. Statistical analysis was performed by use of Student's t-test.
RESULTS

Detection of Tim-3-Positive Cells in the Inflammatory Bone Destruction Sites in Arthritic Rats
Tim-3 was first described as a molecule specifically expressed on the cell surface of some T-cell subsets. To investigate the presence of Tim-3-positive helper T cells in the pathologic bone sites of arthritic rats, we attempted to find Tim-3-positive cells immunohistologically in tissue sections of ankle joints. Severe bone destruction and marked elevation of osteoclastogenesis were apparent in the distal tibia of arthritic rats ( Figure 1a , right panels), whereas no histologic abnormality was observed in control rats (Figure 1a , left panels). The immunofluorescence staining of the ankle joint tissues using a anti-Tim-3 antibody demonstrated that numerous Tim-3-positive cells were present in the broad bone marrow areas among bone trabeculae of the distal tibia in arthritic rats (Figure 1b) , suggesting the presence of numerous helper T cells in the marrow cavity of arthritic rats. Tim-3 immunoreactivity was also apparent in the synovial membranes (Figure 1b, upper panels) , indicating the recruitment of Tim-3-positive T helper cells in the synovial tissues in arthritic rats.
Expression of Tim-3 in Osteoclasts and Osteoclast Precursors In Vivo and In Vitro in Normal Conditions
When the expression of Tim-3 in normal bone tissues of the control rats was examined (Figure 2a ), more restricted areas tended to be intensively stained with anti-Tim-3 antibody in comparison to Tim-3 staining data of the distal tibia of arthritic rats (Figure 1b) . Tim-3-stained areas roughly corresponded to the bone surface. Tim-3-expressing cells present in the bone surface generally corresponded to TRAP-positive cells (Figure 2a , middle and lower panels of the left panels). These data suggest that osteoclasts express Tim-3 in rats with no inflammation. In contrast to the intense Tim-3 expression in synovial membranes of arthritic rats, Tim-3 immunoreactivity was not detected in normal synovial membrane.
To confirm the expression of Tim-3 in osteoclasts, immunocytochemical detection of Tim-3 protein was performed by use of cultures that form osteoclasts. RAW-D cells at 2 days of culture showed significant Tim-3 expression not only in mononuclear osteoclast precursors but also in Regulation of osteoclastogenesis and Tim-3 K Moriyama et al cultures clearly showed high expression of Tim-3 protein at 1 day of culture (Figure 2d ). These data demonstrate the expression of Tim-3 in cells in osteoclast lineage, osteoclast precursors, and osteoclasts.
Expression of Galectin-9 In Vivo
To understand the role of galectin-9 in the regulation of inflammatory bone destruction, we examined its expression in the distal tibia of arthritic rats with severe bone destruction around the ankle joints by use of immunohistochemical analysis. As shown in Figure 3 , galectin-9 immunoreactivity was observed almost in the whole area of the bone marrow cavity (Figure 3 , right panels); in contrast, galectin-9 immunoreactivity was observed in the narrow peripheral zone of the bone marrow facing to bone trabecule in control rats ( Figure 3 , left panels). These observations suggest that galectin-9 is actually present in the bone marrow cavity in vivo.
Inhibition of Osteoclastogenesis by Galectin-9 In Vitro
To estimate the role of galectin-9 observed in vivo, we have examined the effect of galectin-9 on osteoclastogenesis by use of an in vitro culture system for evaluating osteoclast differentiation. Recombinant human galectin-9 markedly suppressed osteoclastogenesis in a dose-dependent manner in four different culture systems used for evaluating osteoclastogenesis. Galectin-9 significantly inhibited formation of TRAP-positive multinucleated osteoclasts in the culture system using osteoclast precursor line RAW-D cells (Figures 4a  and b) . Marked inhibition of osteoclastogenesis was also observed in primary culture system using bone marrow macrophages of mice (Figure 4c ). Similar inhibition of osteoclastogenesis was observed in rat whole bone marrow cultures (Figure 4d ). In rat bone marrow cells depleted of stromal cells, osteoclastogenesis was significantly suppressed, demonstrating a direct action of galectin-9 on cells in osteoclast lineage (Figure 4e ). These data show that galectin-9 Figure 3 Immunohistochemical detection of galectin-9 in distal tibia of arthritic rats with severe bone destruction. Cryosection of the ankle joints prepared from control rats (left panels: control) and arthritic rats (right panels: complete Freund adjuvant (CFA)) were stained with aniti-galectin-9 antibody followed by detection with ABC-AP kit as described in Materials and methods. Control: injected only with Mineral oil (left panels). CFA: Rats injected with CFA to form arthritic rats (right panels). Lower panels demonstrate high-magnification views of the area with asterisk in the upper panels. Bars: 200 mm for the upper panels and 50 mm for the lower panels. B, bone; BM, bone marrow; Ta, talus; Ti, tibia.
Regulation of osteoclastogenesis and Tim-3 K Moriyama et al is an effective and potent inhibitor of osteoclastogenesis in vitro. As shown in Supplementary Table 1 , we confirmed that galectin-9 treatment did not reduce cell viability estimated by using MTT assay despite inhibiting osteoclasogenesis in RAW-D cell culture system of Figures 4a and b.
Elimination of Galectin-9-Mediated Inhibition of Osteoclastogenesis by b-Lactose As the function of galectins are generally mediated through CRD, biologic activities of galectins on cell signaling are reversed by the presence of the antagonists for galectin binding, galactose or b-lactose, a disaccharide consisting of galactose and glucose. To determine whether the inhibitory effect of recombinant galectin-9 on osteoclastogenesis is mediated through CRD of galectin-9, the RAW-D cell cultures were treated with galactose or b-lactose. Although the inhibitory effects of galectin-9 on osteoclastogenesis was not reversed by the addition of galactose (Figure 5a ), they were eliminated by the addition of b-lactose (Figure 5b and 5c). These data strongly suggest that the inhibitory effect of galectin-9 on osteoclastogenesis was mediated through CRD of galectin-9.
Inhibition of Inflammatory Bone Destruction by Galectin-9 in Arthritic Rats
To define the response of the Tim-3/galectin-9 system in vivo after the addition of a large amount of exogenously administered galectin-9, we examined whether injected galectin-9 affects bone destruction in arthritic rats. Each arthritic rat was given injections around the right or left ankle joint with recombinant galectin-9 or vehicle control PBS, respectively. Galectin-9 slightly suppressed joint inflammation; however, its suppression did not reach to a statistical significance when clinical scores were estimated ( Figure 6 ). Figure 7 shows radiograms of the same ankle joints as those shown in Figure 6a , in which only a slight suppression of inflammation was observed by the injection of galectin-9. Injection of CFA induced aggressive bone destruction ( Figure 7 , upper right panel; CFA). A marked bone destruction was also observed when the vehicle control (CFA/PBS) was injected to the left ankle of the arthritic rat ( Figure 7 , lower left panel; CFA/PBS). Severe bone destruction was observed especially in tarsus as well as in the distal tibia (CFA, CFA/PBS). In contrast, galectin-9 injection at the right ankle of the arthritic rat markedly suppressed bone destruction in distal tibia and tarsus (CFA/galectin-9). A significant inhibition of bone destruction was apparent, especially in tarsus. These data strongly suggest that recombinant galectin-9 suppressed inflammatory bone destruction in arthritic rats.
DISCUSSION
In the current study, we elucidated that osteoclasts and osteoclast precursors expressed Tim-3 and that osteoclast differentiation was negatively regulated by its ligand galectin-9.
In rats with adjuvant-induced arthritis, an animal model of human rheumatoid arthritis, we have successfully shown a marked suppression of inflammatory bone destruction by galectin-9. Previous reports have shown that galectin-9 is expressed in synovial tissues and fibroblast-like synoviocytes obtained from patients with rheumatoid arthritis. 24 When arthritic bone destruction occurs, it is believed that osteoclast precursors as well as inflammatory cells accumulated in the inflamed synovial membrane and migrate and invade into the sites of future bone destruction. 25 Galectin-9 expression in the synovial tissues was also reported in mouse collageninduced arthritis (CIA) model. 26 Recently, it has been shown Regulation of osteoclastogenesis and Tim-3 K Moriyama et al Figure 6 Effect on galectin-9 in the inflammatory parameters in arthritic rats. Galectin-9 (5 mg) or vehicle control (phosphate-buffered saline (PBS)) was injected every 3 days into the area of ankle joints at the right ankle or the left ankle, respectively, in the same rat injected with complete Freund adjuvant (CFA) 2 days before. Every 3 or 4 days, arthritic scores were examined as described in Materials and methods. (a) Clinical observation of galectin-9-treated arthritic rats at 21 days after CFA injection. Time-course change in the arthritic score was shown as follows: sum of the swelling score of total 4 digits (swelling score) (b), swelling score of the right and left hind paw (c), and swelling score of the left hind paw injected only PBS (d) and swelling score of the right hind paw injected galectin-9 (e).
that galectin-9 expression in the synovial membrane and synovial fluid was upregulated in patients with rheumatoid arthritis. 26 However, it has been uncertain concerning an involvement of galectin-9 in the regulation of inflammatory bone destruction mediated by osteoclasts. Our present study strongly suggests an involvement of galectin-9 in the regulation of bone destruction in arthritic rats. Injected galectin-9 markedly suppressed bone destruction in arthritic rats without significant suppression of the inflammation. As galectin-9 is reported to suppress inflammation in arthritis, 27 failure in the significant suppression of inflammation could be attributed to the low dose of galectin-9 in our current experiments. However, the dose of galectin-9 injected to arthritic rats in our current experiments (5 mg per injection) efficiently inhibited bone destruction, possibly through inhibiting osteoclastogenesis. Previously, we have reported on the suppression of bone destruction by galectin-3, in which galectin-3 efficiently suppressed bone destruction without affecting the level of inflammation in arthritic rats. 22 Our current observations of the action of galectin-9 on Figure 7 Marked suppression of bone destruction by the galectin-9 administered into arthritic rats. Data show radiographic analysis of the ankle joints observed in Figure 6a . Arthritic rats were treated with phosphate-buffered saline (PBS) (left lower panel: complete Freund adjuvant CFA/PBS) or with galectin-9 (right lower panel: CFA/galectin-9). The injections were performed two times a week for 2 weeks beginning on day 2 after the adjuvant injection as described in the legends of Figure 6 . At 21 days after CFA injection, hind paws were collected and analyzed by micro-CT as described in Materials and methods. Lower right panel (CFA/galectin-9) clearly shows the effect of galectin-9 on bone destruction in arthritic rats. The arrows indicate the portions of prevented bone destruction by the injection of galectin-9 compared with CFA (upper right panel) and CFA/PBS (lower left panel). Data represent a typical experiments from three independent experiments.
Regulation of osteoclastogenesis and Tim-3 K Moriyama et al inflammatory bone destruction are similar to the action of galectin-3 in arthritic rats. By immunohistochemical analysis, numerous Tim-3-positive cells were observed over a wide area of the bone marrow cavity in the inflammatory bone destruction sites of arthritic rats. As Tim-3 is highly expressed on the surface of Th1 cells, Tim-3-positive cells observed in the bone marrow cavity of arthritic rats could be Th1 cells. However, Nakae et al. 28 reported that Th17 cells also express Tim-3 in mice. Human Th17 cells also express Tim-3, although the expression level is much lower than in Th1 cells. 16, 29 Our observation of the numerous Tim-3-positive cells in the marrow cavity would reflect the presence of Th17 cells as well as Th1 cells in inflammatory bone destruction sites in arthritic rats. In our experiments, we have detected a high level of Tim-3 expression in the synovial membrane of arthritic rats, while no expression of this molecule was detected in the synovial membrane of normal rats, suggesting the presence of numerous helper T-cell populations (Th1 cell and Th17 cells) recruited to the synovial membrane with high level of inflammation in arthritic rats.
Our current findings on the selective expression of Tim-3 in normal bone tissue was unexpected. Tim-3-positive area was almost restricted to the bone surface, which is different from the localization pattern of Tim-3-positive cells in arthritic rats, where Tim-3-positive cells were widely spread over the area of the bone marrow cavity. In normal rats, relatively large cells present on bone surface expressed Tim-3. Most cells of these Tim-3-positive cells were osteoclasts. We further obtained evidence showing the expression of Tim-3 mRNA and protein in osteoclast precursors and osteoclasts. As far as we know, this is the first report on the expression of Tim-3 in cells of osteoclast lineage. It has been reported that galectin-9 suppresses inflammation parameters in collagen-induced arthritis (CIA) in mice. 26 Galectin-9 treatment was shown to downregulate proinflammatory cytokines (IL-17, IL-12, and IFN-g) in joints in CIA mice. In our experiments, we started injection of galectin-9 2 days after the CFA injection in CIA in arthritic rats. To understand the therapeutic effect of galectin-9 on bone destruction, galectin-9 should be injected in the later stage when joint swelling has already been initiated. In our current study, injected galectin-9 markedly inhibited bone destruction almost without affecting the level of joint inflammation. It is probable that galectin-9 preferentially suppressed inflammatory bone destruction by inhibiting osteoclastogenesis rather than modulating inflammation in arthritic rats.
We investigated the immunohistochemical detection of endogenous galectin-9 in vivo. Galectin-9-positive cells were observed relatively in a limited area adjacent to bone in normal rats. In contrast, galectin-9-positive cells were present over the wide area of bone marrow cavity in the bone destruction site of arthritic rats. Localization pattern of galectin-9 in the distal tibia was similar to that of Tim-3, suggesting that the endogenous galectin-9 is acting on its receptor Tim-3 even in vivo.
Galectin-9 significantly suppressed osteoclastogenesis in vitro culture systems for evaluating osteoclastogenesis. Our previous report shows that suppression of osteoclastogenesis by galectin-3 was not canceled by the addition of b-lactose. In contrast, galectin-9-mediated suppression of osteoclastogenesis was almost completely canceled by the addition of b-lactose. In these experiments, galactose, another antagonist of CRD, did not cancel the galectin-9-mediated suppression of osteoclastogenesis, suggesting that the monomeric sugar, galactose, is not sufficient to cancel interaction with Tim-3. Dimeric sugar, b-lactose, may be required to block the association of galectin-9 to Tim-3 on cell surface of osteoclast precursors. Our current data clearly shows that suppression of osteoclast differentiation by galectin-9 was mediated through the CRD of galectin-9. By use of galectin-9 transgenic mice (Tg mice) and knockout mice, 27 it has been demonstrated that the endogenous galectin-9 ameliorate CIA induced by the administration of the cocktail of anti-type II collagen monoclonal antibodies. In those experiments, clinical scores of arthritis were significantly reduced in Tg mice, whereas the clinical scores were markedly elevated in galectin-9 knockout mice. Galectin-9 has been reported to induce apoptosis of eosinophils, cancer cells, and T cells. Furthermore, galectin-9 preferentially induces apoptosis of CD4-positive T cells through the caspase-1 pathway. 24, 30 In our current study, galectin-9 significantly suppressed osteoclastogenesis without affecting the cell viability estimated by MTT assay. Therefore, it is unlikely that inhibition of osteoclastogenesis is attributed to the apoptotic activity of galectin-9 in cells in the osteoclast lineage.
Our study clearly shows that osteoclasts and osteoclast precursors expressed Tim-3 and the differentiation was markedly suppressed by its ligand galectin-9. These results suggest that galectin-9 suppresses osteoclastogenesis through Tim-3 expressed on cell surface of osteoclast precursors. Further studies using Tim-3 mutants 31 will be required to reach a definitive conclusion concerning the signaling of Tim-3/galectin-9 system in osteoclast precursors. Seki et al. 26 reported that galectin induces apoptosis of synovial fibroblasts obtained from patients with rheumatoid arthritis. Galectin-9 is known to induce apoptosis in CD4-positive T cells through the caspase-1 pathway. 30 Although galectin-9 markedly suppressed osteoclastogenesis without affecting cell viability, apoptotic events are not supposed to be involved to this suppression. Recently, Chiba et al. 32 revealed a pivotal role of Tim-3 in the innate immunity in tumor microenvironments. In their findings, Tim-3 was elucidated to act as the receptor for the tumor cell-derived highmobility group box-1 (HMGB1), a strong inducer of endogenous innate immunity that is derived from necrotic tumor cells. 33 In our current study, galectin-9 is supposed to be the ligand of Tim-3 expressed on cell surface of osteoclast precursors; however, HMGB1 could also act as the ligand for Tim-3 in inflammatory bone destruction site as the HMGB1 can also be derived from the activated dendritic cells and macrophages. It is known that rheumatoid arthritis is highly related to innate immunity, in which high level of toll-like receptors is expressed in macrophages and dendritic cells. 34 Involvement of HMGB1 in the inflammatory bone destruction should also be explored. Abnormal augmentation in the activity of osteoclasts may be related to the marked increase in the innate immunity in rheumatoid arthritis.
Inflammatory bone destruction accompanying chronic inflammatory disease mediated by osteoclasts could be generally attenuated (negatively regulated) by the presence of the potential regulatory system Tim-3/galectin-9 in the bone destruction sites in rheumatoid arthritis. It seems likely that inflammatory bone destruction mediated by active osteoclasts could be efficiently controlled by the administration of recombinant galectin-9 in rheumatoid arthritis. Abrogating the Tim-3/galectin-9 system could lead to the incidence of some vicious cycle of augment in the inflammation itself and inflammatory bone destruction.
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